show that the imaged molecules represent the equilibrium glycosylases, all share the strikingly similar characterisstructure in solution, we first determined the persistence tic of repairing aberrant bases that are swiveled from length of DNA on the surface by measuring the mean the DNA helix and inserted into an extrahelical active square end-to-end distance ͗R 2 ͘ and then compared this site pocket on the enzyme [2]. In the absence of the with the equilibrium value predicted by the worm-likeenzyme, these substrate bases typically remain in the chain model for molecules of the contour length L in helix, where they are inaccessible to the glycosylase two dimensions, in which ͗R tion width in our experiments.
͘ ϭ 4PL(1 Ϫ P/L[1 Ϫ e ϪL/2P ]). active site. These observations raise the puzzling quesThe value obtained, 53 nm, matches bulk measurements tion of how DNA glycosylases conduct an efficient in a similarly buffered environment as well as AFM studsearch for damaged bases that are seemingly hidden ies with conventional probes [16] . The persistence amidst a 1,000,000-fold excess of normal bases. Insight length, as a measure of the intrinsic flexibility of DNA, into the search mechanism could be gained through an can be used to predict the distribution of local bend understanding of how glycosylases affect the structure angles (the angle by which DNA deviates from linearity of undamaged DNA. Conventional high-resolution strucat a local point). The bending energy for a DNA molecule tural techniques are ill-suited to this problem because modeled as a wormlike chain with persistence length P these methods require homogeneous samples. Conto be bent at an angle over a fragment of length l is versely, single-molecule imaging techniques can ana- We directly visualized recognition complexes beserved a prevalence of structures in which DNA is drastically bent at the sites where hOGG1 is bound. To tween hOGG1 and DNA that contain a single oxoG:cytosine base pair in a defined location. The hOGG1-DNA quantitatively characterize hOGG1 binding behavior, we measured the location of hOGG1 binding sites on a large complexes are readily observed in AFM images ( Figures  2A and 2B ). The footprint of hOGG1 on DNA is about 5 number of complexes. The resulting histogram ( Figure  2C ) was fit to a Gaussian function centered at 79 nm nm, which falls within the expected range based on the crystal structures [8, 9] and the minimal tip-broadening with a standard deviation of 11 nm. This agrees well with the known oxoG location, 245 bp from one end effect from nanotube AFM probes. Significantly, we ob- (corresponding to approximately 78 nm). The constant rectly address the target-searching mechanism because such intermediates can be unambiguously identibackground in the binding-location histogram corresponds to hOGG1 binding to nonspecific DNA. The ratio fied and observed. Wild-type hOGG1 was mixed with native DNA and imaged. The DNA used in these experiof specific versus nonspecific binding was estimated by integration to be 1:2.5. Considering the relative abunments was freshly isolated from bacteria and was found to contain undetectable levels of oxoG. Significantly, a dance of nonspecific sites, we estimate that the binding affinity of K249Q hOGG1 for the oxoG lesion in DNA is large number of bent complexes were observed in our AFM experiments ( Figures 3A and 3B ). These sharp approximately 400 times higher than that for unmodified sites in DNA. This difference is comparable to that obbends appear similar to specific oxoG-hOGG1 complexes and can readily be distinguished from bends due served in solution (S.D. Bruner, D.P. Norman, and G.L.V., unpublished data). We confirmed the validity of our locato intrinsic flexibility of DNA. The bend angle distribution for these samples ( Figure 3C ) shows a bimodal distribution analysis by repeating the experiment with a 1349 bp DNA fragment, in which a single oxoG site was engition. Two-thirds of the complexes have the same bend angle as the specific complexes, even though no oxoG neered at 549 bp from one end. The resulting images showed that K249Q hOGG1 clustered at a site that was is present, and the remaining complexes are linear. A simple estimation of the elastic energy required for 175 nm from one end of this molecule.
The distribution of the DNA bend angle at specific bending the helix by 70Њ based on the measured chain flexibility of DNA yields an energy of 8 kT at room temperoxoG bound sites was also measured for individual complexes ( Figure 2C , inset) and shows a clear clustering ature, which exceeds the available thermal energy. Therefore, the bending must result from the interaction around 71Њ and a small peak close to 0Њ (see Figure 2C legend). Importantly, the predominant 71Њ angle for the between hOGG1 and DNA in the nonspecific complex. This constitutes the first direct evidence that hOGG1 hOGG1-DNA-specific complex matches the geometry observed in the cocrystal structures of hOGG1 and DNA bends nonspecific sites in searching for oxoG and that this bend angle is the same as for specific oxoG sites. [8, 9] , providing further validation that AFM faithfully captures the overall structure of the glycosylase-DNA The observed bimodal distribution of angles differs from previous AFM studies on protein-DNA interactions in complex.
which a single peak in the angle distribution, either bent or straight but not both coexisting, is observed [14, 15] .
AFM Imaging of Search Intermediates at Undamaged Sites
The bimodal distribution suggests that two populations of intermediates are in equilibrium during the Central to the results of this report are our images of hOGG1 on undamaged, native DNA. These images disearch process, leading us to propose a framework for 
